Colour mixing of red, green and blue (RGB) LEDs is demonstrated for a 6 cm long PMMA cylindrical rod with a transparent refractive index matched micro particle (TRIMM) diffuser sheet at the output end. Ray tracing simulations have been performed, and the output light distributions, transmittances and losses modelled and compared with experiment. Photographed and modelled colour mixing results are presented for rods with and without TRIMM sheet mixers. The TRIMM particles homogenize the light output of plain PMMA rods to form white light, with negligible backscattering. A simple method for measuring the concentration of the particles in the diffuser sheet is described, and computer modeling and analysis of TRIMM particle systems is discussed.
INTRODUCTION
Mixing rods are used to homogenize light output from multiple sources in devices such as backlit liquid crystal displays and data projectors. Designers want high efficiency and output uniformity in minimum possible size. It has been stated that a length to width ratio of about 10:1 is required to achieve the necessary output light uniformity 1 . Shorter lengths are desirable as the size of devices is steadily decreasing.
Mixing rods that rely entirely on total internal reflection (TIR), such as plain PMMA rods, have the disadvantage that undesirable patterns are produced due to caustic effects. It has been reported in a previous study of RGB colour mixing that clear PMMA mixing rods made no significant improvement in illuminance or colour uniformity compared to a bare LED array. A diffuser at the output end significantly improved the output light distribution, but with an additional loss of 6% 2 . Transparent refractive index matched micro (TRIMM) particle mixers homogenize the light output with low loss, because the microsphere particles deviate the light rays by a small amount each interaction, with low backscatter 3 .
The diffuser sheet used in this experiment consists of cross-linked PMMA spheres (TRIMM particles) embedded in a PMMA matrix. The mean particle size is ~ 35 µm in diameter. A study of the optical properties of similar sheets has been published 3 . Light transport in polymer optical fibre doped with TRIMM spheres has been reported 4 and a paper showing uniform colour mixing of RGB light sources using PMMA extruded rods containing TRIMM particles will appear soon 5 . In this study, we incorporated TRIMM particles into the light mixer system in a diffuser sheet at the output end of a clear PMMA rod. There were several reasons for this approach. Firstly, the extruded rods studied previously were not of sufficient optical quality to experimentally ascertain any losses due to the TRIMM particles alone. In addition, the diameter of the rods was too small to use 5mm LED triads as light sources. (Extruded larger diameter rods were not available.) It is also of interest to see how these particles perform as end diffusers, instead of having TRIMM dispersed evenly throughout the rods.
EXPERIMENT
Two transparent PMMA rods 25.55 mm in diameter were used in this experiment. A 2.94 mm thick TRIMM diffuser sheet was glued to an end of a 58.95 mm long rod using Loctite IMPRUV  34931 glue. No air bubbles or defects were visible at the interface, which is indicative of a good optical joint. Thus the total length of the rod with TRIMM sheet diffuser is 59.8 mm. The plain PMMA rod (referred to as 'clear') is 61.9 mm long.
The sources that are mixed are two sets of 5 mm RGB LEDs, denoted as Alpha group and Beta group. Each group consists of a triad of 3 LEDS. It is desirable for the individual angular source distributions within a set to be as similar as possible. The LEDs were selected from a larger pool of 5 mm LEDs, all of which had been measured using a photogoniometer described elsewhere 3 . A cross-section of the angular intensity distribution of the Alpha and Beta group LEDs, as measured by the photogoniometer, is shown in Figure 1 . Spectra of the LEDs were obtained via an Ocean Optics SD2000 fiber optic spectrometer coupled to an Oriel 70491 integrating sphere, and associated software. 1931 CIE coordinates for the LEDs were derived from the respective spectral power distributions. These source CIE coordinates and the LED peak spectral wavelengths are given in Table 1 Table 1 . 1931 CIE coordinates and peak wavelength of the source LEDs, as measured using a spectrometer.
The Alpha group LEDs are better matched in angle than the Beta group, but the Beta group is superior in terms of colour for RGB mixing, as the spectra of the Beta peaks are more widely spread. (The spectral peaks of Alpha green and blue are closer together (Table 1 ).) For the computer modeling, a separate source model was generated for each LED based on these measured profiles.
The experimental setup for measurements is shown in Figure 2a . The Alpha or Beta RGB LED triad was mounted as close as possible to the end of the mixing rod. The centre point of the LED array was aligned with the rod's axis. A frosted glass screen (dimensions 120 mm x 95.5 mm) was positioned 4 cm or 15 cm from the exit end of the rod. Photographs of the transmitted output distributions were taken with an Olympus C-4000 ZOOM digital camera. Transmittance measurements were performed using the Alpha LED source array and the 'clear' and 'clear + TRIMM diffuser' rods with the output end coupled to the entrance port of an Oriel 70491 integrating sphere. A BPW21 photodiode was attached to the detector port of the integrating sphere, and readings taken with a Data Precision DP 100 Multimeter. The ratio of the transmitted to incident readings were taken using measurements of the bare LED array as the total incident light. 
TRIMM PARTICLES AND MODELING
Ray tracing simulations using 1 million initial rays for each source LED were carried out to model the experimental conditions. The rays were emitted uniformly over a 4 mm diameter area, and measurement-based algorithms were used to realistically simulate the LED light output. Output rays from the end of a rod are traced to modelled 'screens' at predefined distances from the rod exit end. The number of rays that hit each pixel in each modelled screen is recorded. A separate simulation was carried out for each LED, and the RGB results combined for the simulated output intensity and colour distribution. Details and relevant colour calculations have been reported recently 5 . Transmittance and loss data is modelled by counting the number of rays exiting or reflecting from the relevant rod surfaces.
The Monte Carlo ray tracing modeling within a light guide has previously been described elsewhere 4 . The basic concepts are reviewed in Figure 3 a) b) Figure 3 . a) Defining ray direction as it propagates along a TRIMM mixing rod. b) Angular deviation of a ray when it strikes a TRIMM sphere. Note that δ is in 3 dimensions, involving a change in both θ and φ.
The direction of propagation of a ray along a mixing rod is described by the angle, θ, with the light guide axis, z, and the azimuth angle, φ, as shown in Fig. 1a . Every time a ray strikes a TRIMM particle, there is an angular deviation, δ, shown in Fig. 1b . The ratio h used in the calculation of deviation angle is chosen randomly for each interaction of a ray with a TRIMM sphere, to give uniform probability of impact point. The deviation can be described in terms of geometric optics because the size of the particle is large compared to the wavelength 3, 4 . New θ and φ directions for the deviated ray are calculated using 3D spherical geometry after each particle interaction 4 .
The relative refractive index, m = n sphere /n matrix can be usefully described by its difference from one; m = 1+µ. In TRIMM systems µ << 0.1, so the deviation angle is small, and back reflectance is ≈ µ 2 /4, which is negligible. In addition, small changes in n matrix or n sphere can cause large changes in µ, and thus the scattering properties of the system 2 . The deviation of a light ray after encountering a TRIMM sphere has been given by ( )
The simplified approximation 2µh / √ (1-h 2 ) is derived using a Taylor expansion of (1+µ), and neglecting higher order terms. The median value of h, the radial fraction of contact of a ray with a sphere, is 1/√2. Substituting this into Equation
(1) the median deviation angle, δ m , is thus
For µ = 0.011, δ m = 1.3°, and for µ = 0.018, δ m = 2.1°.
The effect of changing m (and therefore µ) has on the distribution of deviation angles is shown in Figure 4 . Figure 4a has µ for TRIMM particles in PMMA (n 1 = 1.490, n 2 = 1.507, µ = 0.011 at 590 nm). It can be seen that most deviations are ~1 or 2 degrees. Figure 4b shows the distribution for TRIMM particles in POF matrix, as previously described 4 
Determination of TRIMM particle concentration in sheet
The number of particles encountered by a light ray along its path through a TRIMM mixer is related to the volume concentration of the particles in the matrix. For purposes of Monte Carlo computer ray tracing, we need to know the mean distance between particles, l. This was not known for the diffuser sheets used, and had to be measured. We define the axial particle number, a, of a diffuser sheet as the average number of particles that an undeviated ray would encounter when passing through the sample. For a sample of thickness, t, l = t/a. So by measuring a, l can be determined.
The probability of an undeviated ray striking a particle as it passes through a sample can be described by a Poisson distribution ( )
where σ is the average number of events 6 . The probability of a ray striking zero number of particles when traveling through a sample with axial particle number a is (4) where T spec is the specular transmittance.
Measurement of axial particle number
Measurement of the true specular transmittance of a particular sample can be used to estimate a. In order to do this, the axial particle number of a particular sample must be small enough to ensure a visible specular component. For a = 6, T spec is 0.0025. The concentration of TRIMM particles in the diffuser sheet used is sufficiently high to necessitate measuring thin slices (< 1 mm), so slices were cut from the main sheet using a diamond saw. To ensure optically smooth surfaces for measurement, these slices were mounted between sheets of 2 mm thick PMMA, using glycerol between each of the surfaces as a refractive index matching agent.
A helium neon laser (wavelength 633 nm) was used for the transmittance measurements that were used to calculate a. An advantage of using a laser is the relative ease of being able to see an transmitted undeviated, specular 'spot', indicating that the samples are sufficiently thin for axial particle measurements, as well as making alignment easier. An Oriel 70491 integrating sphere was positioned 3.8 m from the sample, and readings taken using a BPW21 photodiode at the detector port and a multimeter with a resolution of 1 µW. To estimate a, it is necessary to separate the specular component of transmission from the diffuse. The port size of the integrating sphere was reduced to 1 cm diameter with a cover, making the acceptance criterion for specular transmission within a cone semi-angle of 0.075 degrees. The laser beam was directed through the sample towards the integrating sphere Three sets of measurements were made, using slices of sheet 0.25, 0.27 and 0.33 mm thick, to derive the linear particle concentration of TRIMM in the diffuser sheet. A was calculated for each sample using equation (4), and from this the distance between particles l was calculated to be 0.075 ± 0.005 mm. The TRIMM diffuser sheet thickness is 2.94 mm, giving an axial particle number of 39 ± 3 for this experiment.
Ray diffusion and angular spread with TRIMM
A ray's path along a TRIMM mixer, as it deviates with every sphere interaction, can be described as a random walk. The half cone angular spread, (Σ) , of the light in the cross-sectional (x-y) plane as it proceeds internally through a TRIMM doped material is dependent on the average deviation and axial particle number a m δ ≈ Σ (6) For the TRIMM diffuser sheet used here, Σ ≈ 1.3°( √ 39) = 8.1°. This corresponds to an external half cone spread of ≈ 12.1° after refraction upon exiting the guide end. It should be remembered that this spread is in addition to the existing spread inherent in the distribution of the source LEDs, and that the clear rod partially mixes before the sheet.
Sometimes the value of µ cannot be altered because it is set by the materials used. In such cases, axial particle number and rod aspect ratio can be tailored so that total deviation, Σ, will cause the resulting cone of light to spread across the entire end of the mixing rod before exit. This ensures completely homogeneous mixing with no caustics formed.
Rotational symmetry and statistical analysis
Caustics are often formed when light mixing is performed relying on TIR only, using clear undoped PMMA rods. These can be removed by adding a TRIMM diffuser to the end of a clear rod, or having TRIMM dispersed within the mixing rod. There may be cases where it is desirable to keep the TRIMM concentration low to avoid side loss 3 , say if µ is large, meaning δ m will be larger (equation (2) and Figure 4 ). High angular spread of the source distribution can be another reason for keeping the TRIMM particle concentration as low as possible. The chief geometrical factors affecting the degree of caustics formation in a clear rod, apart from the source distribution, are: 1) rod length to diameter aspect ratio (AR), and 2) the relative radial source distance of the LEDs from the rod axis (source radial fraction, see Figure 5a ). Computer modeling is useful for optimizing these factors to minimize caustics formed purely due to system geometry, and for determining the optimal TRIMM concentration needed to homogenize the light output.
For the computer modeling of colour mixing, at least 3 sets of data, one for each LED, is generated for a particular simulated screen to rod distance. The 3 data sets are added together to form a complete colour map 5 . If the modelled mixing rod output intensity from a single LED projected onto a simulated screen is not rotationally symmetric, then the final colour mixing will be uneven. Statistical analysis of modelled data can show how rotationally symmetric the projected output intensity will be. This gives an indication of whether bright caustics will be formed in an undoped rod, and if TRIMM concentration is sufficient to cause complete and uniform colour mixing in a TRIMM mixing rod. This type of analysis also aids in system design, as AR and source radial fraction can be optimized to give uniform light distribution for a given µ and TRIMM concentration.
Modelled rays exiting a mixing rod for a single LED are projected onto a pixellated screen. The value of each pixel contains a number, corresponding to the number of times it has been struck by an output ray. This data is used to perform rotational symmetry statistical analysis. Figure 5 shows the concept of arranging the pixels into 'bins' of equal radial intervals from the centre of the simulated screen. The average number of rays per pixel, and the standard deviation, is calculated for each 'radial bin'. This data, plotted against the radial distance from the centre of the 'screen', is a good measure of the rotational symmetry of the light output . 
RESULTS

Colour Mixing Results
Modelled and photographed results of the output light from the Alpha group LED triad, projected onto a screen 15 cm from the end of the mixing rods, are shown in Figure 6 and 7. Figure 6 shows the colour distribution when using the clear PMMA rod only as the mixer. Figure 7 shows the distribution from the rod with TRIMM diffuser sheet. The photographed and modelled images are both 120 mm x 95.5 mm. Each pixel in the modelled screens represents 1 mm 2 . Excellent quantitative agreement between the measured and modelled CIE x and y coordinates derived from colour output from mixing rods, and from corresponding modelled colour output, has been demonstrated in a recent study 5 . CIE coordinates from modelled results only are shown here.
An artefact of the photographs is the inability to display colour over a large brightness range. The colours on the outer periphery of Figure 6b actually appear brighter when viewed with the eye. Similarly, the blue halo in Figure 7b , although slightly visible in the experimental system, appears much lighter to the eye. In addition, it was difficult to generate a sufficiently high intensity from the green LED to achieve a desirable colour balance, as is evident in both the modelled and photographed results. It can be seen, however, that a uniform colour is obtained across the screen, because, as Figures 7 c and d indicate, the CIE plots of the rod + diffuser sheet results are constant.
Transmittance & Losses
The fate of rays can be categorized as detailed in Figure 8 in terms of key surfaces and ray directions at the surface. sphere. The measured transmitted end light for the rod + TRIMM mixer has a higher uncertainty than the other measurements. This is because measurements using integrating spheres can only be accurately compared when the angular spread of the light is comparable. The TRIMM diffusers used here produce an additional half-cone angular spread of about 12° compared to the clear rods (equation (6)), so a correction factor was estimated to account for the effect that this difference has on readings obtained using the integrating sphere. This correction factor was obtained by making measurements of the transmitted light from the LED array through a diffuser sheet alone, compared with estimates based on previous measurements with two spectrophometers using a narrow collimated beam 3 .
Rotational symmetry
The average number of rays per pixel for each radial 'bin' is plotted against the radial distance from the centre of a modelled screen in Figure 9a . The screen was modelled at 15 cm away from the end of the clear rod for the Alpha red LED. If 3 matrices of different colour are to be 'mixed', there must be no sudden 'spikes' or variations in the intensity of the individual LED outputs with screen radius, for uniform colour mixing to be obtained. Figure 9b shows the standard deviation divided by the average rays per pixel for the same data as Figure 9a . The 'expected' values are those expected purely due to statistical fluctuations within the data due to the finite number of rays traced. It is evident that the light distribution is not uniform across the screen, and that if colour mixing were attempted with distributions such as these, caustics would be formed. Figure 9c & d, show the analysis of the same system modelled through the rod with TRIMM diffuser sheet. It can be seen that the light distribution has been smoothed, and caustics will not result in this case.
Figure 9 a,b) analysis of simulated ray tracing data projected onto a screen 15cm from the end of the 6cm clear PMMA rod, with Alpha Red LED as the source. a) Average rays per pixel in a 'radial bin' vs radial distance from the centre of the screen (see Figure 5b ) b) std deviation/average rays per pixel in a 'radial bin' vs radial distance from screen centre. c,d) similar analysis for PMMA rod with TRIMM diffuser. Outlying point in modelled data due to very small number of rays hitting screen edge.
Similar analyses of different modelled data have shown that to obtain uniform colour mixing of 3 RGB LEDs, it is important to position the LEDs so each has a similar radial source fraction relative to the rod entrance end, as shown in Figure 5a . It is not necessary to have the LEDs evenly spaced to get good mixing, as long as they lie on a circle of the same radius from the centre of the rod. It has also been found that different source radial fractions produce optimum results for different rod AR.
DISCUSSION
In the PMMA rod study mentioned in the introduction 2 , the addition of an end diffuser gave rise to an extra 6% loss. That loss was primarily caused by backscatter. Our losses are primarily due to Fresnel reflection, since backscatter is negligible. The output end Fresnel reflectance for the PMMA + TRIMM mixer is slightly higher than that from the clear rod, due to the additional angular spread of light imposed by the particle deviations, as described in section 3.3. Much of this exits via the sides of the TRIMM sheet and can be utilized for lighting by the addition of reflectors. Since the side output of the TRIMM mixer is useful light, the additional loss imposed by adding the TRIMM diffuser sheet to the end of the clear PMMA rod is 1.3%. Losses can be further reduced by taking measures to reduce the Fresnel reflection at both input and output ends.
Input Fresnel loss increases as the LED source angular distribution increases, as there are a greater number of oblique rays. One way to minimise Fresnel reflectance from source coupling is to choose directional LEDs in preference to higher angle ones, for example the Beta blue LED in preference to the Alpha blue.
CONCLUSION
Data projectors have recently included mixing light guides with aspect ratios of about 10:1 or higher 1 . The AR of our system here is 2.35 : 1, suggesting that TRIMM mixing systems can be a useful tool in reducing the size of such devices.
Fresnel reflection on the input end of a mixing rod can be reduced by an anti-reflection surface, or by optically integrating the LED chips with the rod. On the output end, Fresnel reflection can be reduced by an anti-reflection coating, or by using a specially shaped end. With such additional measures, the clear PMMA rod with TRIMM diffuser sheet should deliver homogeneous complete colour mixing in a compact system with transport efficiency of greater than 92%.
